Rationale Despite increased education regarding its dangers, cigarette smoking remains a significant public health concern due to serious associated health consequences such as cancer and respiratory and cardiovascular diseases. Most smokers fail in their attempts to quit smoking, and current pharmacological interventions have relatively low levels of efficacy and are associated with significant adverse events. We have previously reported that combinations of metyrapone and oxazepam, administered at doses that were ineffective when delivered singly, resulted in dose-related decreases in cocaine self-administration in rats while not affecting food-maintained responding during the same sessions. Objectives The current study was designed to test the effects of the administration of a metyrapone:oxazepam combination on nicotine self-administration in rats.
Introduction
Despite increases in knowledge among the general population regarding the significant risks associated with cigarette smoking, nicotine dependence continues to be a major public health concern due to serious associated consequences such as cancer, respiratory and cardiovascular diseases (Doll et al. 2004; Peto et al. 2000) . Most smokers fail in their attempts to quit smoking, especially without pharmacological and/or psychological help. The chances of quitting increase significantly when individuals employ pharmacological approaches such as nicotine replacement therapy Ray et al. 2007 ) and the antidepressant bupropion (Paterson 2009; Wilkes 2008) . More recently, the α4β2 nicotinic acetylcholine receptor partial agonist varenicline (Keating and LysengWilliamson 2010) has been reported to increase efficacy for smoking cessation compared to either bupropion (Cahill et al. 2009; Gonzales et al. 2006; Jorenby et al. 2006) or nicotine replacement therapy (Aubin et al. 2008; Cahill et al. 2009 ). However, there are reports of adverse events with varenicline (McNeil et al. 2010 ) including suicidal ideation and behavior (Harrison-Woolrych 2009; Moore and Furberg 2009) . In 2008, the FDA issued a safety warning about the neuropsychiatric symptoms associated with the drug (i.e., changes in behavior, agitation, suicidal ideation and attempted and completed suicide). Thus, there is a continuing need for the development of safe and effective pharmacotherapies for the treatment of nicotine dependence.
Addiction to tobacco is a complex disorder, although there is general agreement that the dependence associated with tobacco smoking is, in part, mediated by the primary reinforcing properties of nicotine (Le Foll and Goldberg 2006; Rose et al. 2007 ). However, one of the many factors contributing to smoking relapse following smoking cessation is stress (Albertsen et al. 2006; Kassel et al. 2003; Pomerleau and Pomerleau 1991; West 2009 ). Over the last several years, we and a number of other researchers have explored the complex relationship between stress and the subsequent activation of the hypothalamic-pituitary-adrenal (HPA) axis in drug reward (Goeders 2002; Goeders 2007; Koob and Kreek 2007; Lowery and Thiele 2010; Majewska 2002; Silberman et al. 2009 ) including nicotine (Pickworth and Fant 1998) . Our research has primarily focused on psychomotor stimulants, and we have investigated the effects of drugs that alter HPA axis activity on cocaine self-administration and cue reactivity associated with cocaine-and methamphetamine-seeking in rats (Goeders 2004; Goeders 2007) . We initially investigated the effects of benzodiazepines on intravenous cocaine selfadministration in rats. Benzodiazepines decrease plasma corticosterone (Keim and Sigg 1977) , and cortisol (MeadorWoodruff and Greden 1988; Torpy et al. 1993 ) in rats and humans, respectively, and attenuate cocaine-induced increases in plasma corticosterone in rats (Yang et al. 1992) . We have shown that the benzodiazepines chlordiazepoxide ) and alprazolam (Goeders et al. 1993 ) are effective in reducing cocaine self-administration in rats. We have also investigated the effects of corticosterone synthesis inhibitors on cocaine self-administration. Metyrapone (Haleem et al. 1988; Haynes 1990 ) and ketoconazole (Engelhardt et al. 1985) block the 11β-hydroxylation reaction in the production of cortisol/corticosterone to decrease plasma concentrations of the hormone, and we have shown that these drugs also reduce cocaine taking in rats (Goeders and Guerin 1996; Goeders et al. 1998 ).
The activity of benzodiazepines and corticosterone synthesis inhibitors in these animal models of drug self-administration suggests that these drugs may prove useful in treating drugdependent humans. However, both classes of drugs have potential side effects that could limit their usefulness. For example, benzodiazepines are not usually recommended for use in drug-dependent individuals since these drugs have the potential for dependence and abuse (Chouinard 2004; Lilja et al. 2001; O'Brien 2005) . Cortisol synthesis inhibitors have the potential to produce adrenal insufficiency, also potentially limiting the utility of this class of drugs.
To address these concerns, we reasoned that the incidence of side effects produced by these two classes of drugs may be mitigated by reducing the dose. Our hypothesis was that by combining drugs that affect HPA axis activity through different mechanisms and delivering these drugs at doses that have no effect when administered alone, we would minimize their potential toxic and unwanted side effects while still reducing cocaine intake. We confirmed this hypothesis in a rat model of cocaine self-administration by demonstrating that combinations of metyrapone and oxazepam, administered at doses that were ineffective when delivered singly, resulted in dose-related decreases in cocaine self-administration in rats (Goeders and Guerin 2008) . These same combinations did not affect food-maintained responding during the same sessions.
Our underlying hypothesis regarding the actions of metyrapone and oxazepam is that rather than blocking distinct physiological processes associated with reward or reinforcement (e.g., dopamine) in response to a specific drug such as cocaine, this combination may, in more general terms, block the role of the activation of the arousal-stress axis in facilitating reward and associated drug use and relapse (Pecina et al. 2006) . If our hypothesis is correct, then the combination of metyrapone and oxazepam should be useful for reducing the intake of other drugs that are also associated with HPA axis activity. Thus, we hypothesized that the combination of metyrapone and oxazepam would be effective in decreasing the selfadministration of nicotine, another addictive drug with a different mechanism of action than cocaine or methamphetamine. In this paper, we report that the combination of metyrapone and oxazepam reduces intravenous (IV) nicotine self-administration in rats responding under fixed-ratio and progressive-ratio (PR) schedules of reinforcement.
Materials and methods

Animals
Wistar-derived male rats (250-300 g) were purchased from Harlan Laboratories (Livermore, CA). Rats were housed in groups of two and maintained in a temperature-controlled environment on a 12 h:12 h light cycle (0600 h on-1800 h off) after receipt. Before experimental testing, animals were provided free access to food and water during a 1-week habituation period and were handled daily for several days to desensitize them to handling stress. Animals were identified by cage number and by numbers applied to the proximal tip of the tail using a "Sharpie R" permanent marker. Animals were handled, housed and euthanized in accord with the current NIH guidelines regarding the use and care of laboratory animals and all applicable local, state, and federal regulations and guidelines. Each rat included in the data analysis received all treatments.
Drug treatments
In the present study, rats received one of several dose combinations of metyrapone (12.5, 25 or 50 mg/kg, Sigma-Aldrich) and oxazepam (5 or 10 mg/kg, SigmaAldrich) or vehicle administered intraperitoneally as a suspension containing 5% Alkamuls EL-620 (Rhodia) in 0.9% saline. Varenicline tartrate (Ontario Chemicals) at 1 mg/kg (expressed as free base) was used as a positive control and administered subcutaneously in 0.9% saline. Nicotine hydrogen tartrate (Sigma-Aldrich) was dissolved in isotonic saline at 0.3 mg/ml (expressed as free base), adjusted to pH 7.0 and diluted to the appropriate concentration to deliver 0.03 mg/kg/infusion. All test compounds were administered 30 min prior to nicotine self-administration sessions in a volume of 1 ml/kg. The doses tested in the first fixedratio study were: 50 mg/kg metyrapone:10 mg/kg oxazepam, 50 mg/kg metyrapone:5 mg/kg oxazepam, 25 mg/kg metyrapone:5 mg/kg oxazepam and 1 mg/kg varenicline. The combination of 25 mg/kg metyrapone:5 mg/kg oxazepam was also tested in the PR experiment. We selected these doses based on our previous data in a rat model of cocaine self-administration, in which the doses of this combination reduced drug intake without affecting food-maintained responding during the same sessions (Goeders and Guerin 2008) . To ascertain whether metyrapone or oxazepam had effects on their own compared to the combination on nicotine self-administration, a second fixed-ratio study was conducted in which the doses were: 25 mg/kg metyrapone:5 mg/kg oxazepam and 12.5 mg/kg metyrapone:5 mg/kg oxazepam in combination and 12.5 and 25 mg/kg metyrapone and 5 mg/ kg oxazepam tested alone.
Apparatus
Food training and nicotine self-administration took place in eight standard Coulbourn self-administration conditioning chambers. Each chamber was housed in a sound-attenuating chamber. The self-administration chambers were equipped with two levers mounted 2 cm above the floor and a cue light mounted 2 cm above the right lever (active lever) on the back wall of the chamber. For food training, a food hopper was located 2 cm to the left/right of either lever in the middle of the back wall. Intravenous infusions were delivered in a volume of 0.1 ml over a 1-s interval via a motor-driven infusion pump (Razel) housed outside of the sound-attenuating chamber.
Food training
Lever pressing was established as demonstrated previously (Hyytia et al. 1996) . Initially, rats were restricted to 15 g of food daily to maintain them at approximately 85% of their free-feeding body weights. After the second day of food restriction, rats were trained to respond under a fixed-ratio 1 (FR1) schedule of food reinforcement (i.e., one food pellet was delivered following each lever press) with a 1-s time-out (TO-1 s) following each pellet delivery, and the response requirement was gradually increased to a FR1-TO-20s schedule of reinforcement. Training sessions were administered twice daily (0900 h and 1500 h), and each session lasted for 30 min. Once rats obtained steady baseline responding at a FR1-TO-20s schedule of reinforcement for food, defined as less than 20% variability across three consecutive sessions, they were returned to ad libitum feeding in preparation for surgical implantation of the jugular catheter.
Surgery
Rats were anesthetized with an isoflurane-oxygen mixture (1-3% isoflurane), and a chronic silastic jugular catheter was inserted into the external jugular vein and passed subcutaneously to a polyethylene assembly mounted on the animal's back (Koob and Goeders 1989) . The catheter assembly consisted of a 13-cm length of silastic tubing (inside diameter 0.31 mm; outside diameter 0.64 mm), attached to a guide cannula bent at a right angle. The cannula was embedded in a dental cement base and anchored with a 2×2 cm square of durable mesh. The catheter was passed subcutaneously from the back to the jugular vein where it was inserted and secured with a nonabsorbable silk suture. Upon successful completion of surgery, rats were given 5 days to recover before baseline self-administration sessions started. During the recovery period, rats remained on ad libitum food access and had their catheter lines flushed daily with saline containing 30 U/ml of heparin and 66 mg/ml of Timentin to prevent blood coagulation and infection.
Nicotine self-administration Following successful recovery from surgery, rats (N08) were again food deprived to 85% of their free-feeding body weights and were trained to self-administer nicotine (0.03 mg/kg/infusion, IV) during 1-h baseline sessions conducted 5 days per week under a FR1-TO-20s schedule of reinforcement until stable responding was achieved. Stable responding was defined as less than 20% variability across two consecutive sessions, which was achieved after 11 baseline sessions. The various dose combinations of metyrapone and oxazepam or vehicle were then tested using a within-subjects Latin square design (LSD). After the testing of a dose, rats were allowed to reestablish stable baseline responding before the next dose was tested. Following the within-subjects dose testing with metyrapone and oxazepam, rats were run under baseline conditions for a minimum of 5 days until stable responding was achieved, after which the positive control varenicline was tested. Upon completion of varenicline testing, rats were again run under baseline conditions for a minimum of 5 days until stable responding was achieved.
The same rats were then tested using a PR schedule of reinforcement, with each nicotine infusion resulting in a progressive increase in the number of lever presses required to obtain the subsequent infusion. The progression of lever presses was as follows: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, etc ., derived from the formula 5 À e0:2n ð ÞÀ5 ð Þ rounded to the nearest integer where n is the position in the sequence of ratios. For PR testing, half of the rats were tested with metyrapone and oxazepam and the other half tested with vehicle on PR day 1. Following PR day 1, rats were run under baseline conditions (FR1-TO-20) at 0.03 mg/kg/infusion until stable responding was again observed. A second PR session was then conducted with rats that received drug treatment in the first PR session receiving vehicle and rats that received vehicle in the first PR session receiving metyrapone and oxazepam. PR sessions were programmed for duration of 6 h, and if rats did not produce a "reinforced response" within 1 h, sessions were terminated and breakpoints were determined based on the last reward achieved under this condition.
A separate group of rats (N 06) was trained to selfadminister nicotine (0.03 mg/kg/infusion, IV) under the FR1-TO-20s schedule of reinforcement as described above. When stable responding was achieved, the rats were tested with metyrapone (12.5 or 25 mg/kg) and oxazepam (5 mg/kg) ip alone and then in combination (12.5 mg/kg metyrapone:5 mg/ kg oxazepam; 25 mg/kg metyrapone:5 mg/kg oxazepam). Rats were allowed to reestablish stable baseline responding before the next dose was tested. At the end of the second FR experiment, four rats underwent extinction. Here, during each extinction session (1 h per day), the motors of the pumps were turned on when an active lever press was made, but no drug was delivered and the cue light did not turn on.
Catheters were flushed with saline before each test session to ensure catheter patency, and the catheters were flushed again after each test session with saline containing 30 U/ml of heparin and 66 mg/ml of Timentin to prevent blood coagulation and infection in the catheters. If catheter patency was in question (e.g., demonstrated by an unexpected shift in response rates or an inability to draw blood from the catheter), 0.1 ml of a short-acting anesthetic (i.e., Brevital, 10 mg/ml) was infused. Animals with patent catheters exhibited a loss of muscle tone within 3 s. Rats with catheters no longer patent according to the Brevital test were removed from the experiment. Based upon this test, one rat was removed during the first study due to catheter failure; the data shown represent the responses of eight rats that completed testing with all test agents.
Data compilation, processing and analysis
Data were collected online simultaneously from multiple self-administration chambers. Data from the nicotine selfadministration experiments were reported as the percent of baseline responding or mean cumulative number of nicotinereinforced responses. Results from the PR study were reported as the mean number of reinforced responses and the breakpoint. In general, tests for homogeneity of variance were first performed on the data. If the scores did not violate the assumption of homogeneity of variance, appropriate analyses of variance (ANOVA) were performed. Test data were analyzed using the StatView statistical package on a PC-compatible computer. For the analysis of all dose-response curves, a repeated measures ANOVA was conducted. Follow-up analyses (i.e., Newman-Keuls post hoc testing) were conducted where appropriate.
Results
Evidence that nicotine maintained self-administration behavior
Under control conditions (vehicle treatment), rats received an average of 15.0±1.5 infusions of nicotine over the 1-h test session under the FR1-TO-20s schedule of reinforcement. Nicotine also reliably sustained PR responding with a mean breakpoint of 12.6 ±1.6 (as evident by stable PR responding during both PR sessions (in vehicle-treated rats) in the crossover drug administration design), a value similar to that published for heroin in nondependent rats (Hubner and Koob 1990) . Finally, all four animals that were tested at the end of the second FR experiment showed suppressed responding on the active lever when the nicotine infusions were omitted, reaching the criteria of extinction (less than 30% of the active lever presses made during baseline sessions, on two consecutive extinction sessions) within 13-16 days.
Effects of the combination of metyrapone and oxazepam on IV nicotine self-administration: fixed-ratio schedule
The effects of pretreatment with the combination of metyrapone and oxazepam on nicotine self-administration using a fixed-ratio schedule are depicted in Fig. 1 . Treatment with the combination of metyrapone:oxazepam reduced nicotine self-administration in a dose-related fashion, with dose ratios of 25:5 mg/kg, 50:5 mg/kg and 50:10 mg/kg reducing nicotine infusions to 7.1±1.6, 5.3±1.3 and 3.1±1.0, respectively.
An ANOVA of treatment groups revealed that the effects of metyrapone:oxazepam on nicotine intake relative to vehicle were significant [F(3,21) 016.970, p<0.0001]. Post hoc analyses of the combinations of metyrapone and oxazepam revealed that the results for all dose combinations were significantly different from those obtained with vehicle (metyrapone:oxazepam, 25:5 mg/kg, p00.0091; 50:5 mg/ kg, p00.008; 50:10 mg/kg, p0<0.0001). Analysis of order effects using the average value of all rats within each treatment day found no significant findings.
Effects of metyrapone and oxazepam alone and in combination on IV nicotine self-administration: fixed-ratio schedule This experiment examined whether oxazepam, metyrapone or the combination of the two drugs would reduce nicotine intake on an FR1 schedule of self-administration. All rats were first tested with 5 mg/kg oxazepam alone and 25 mg/ kg metyrapone alone, and the effects of pretreatment with these doses of metyrapone and oxazepam alone and in combination on nicotine self-administration are depicted in Fig. 2a . Under control conditions (vehicle treatment), rats received an average of 18.6±3.0 infusions of nicotine over the 1-h test session under the FR1-TO-20s schedule of reinforcement. An ANOVA of the treatment conditions revealed that treatment with both metyrapone alone and the metyrapone:oxazepam combination significantly reduced (F(3,4)010.66; P<0.01) (Newman-Keuls; P<0.05) nicotine self-administration. Baseline responding was then reestablished (22.2±2.8 infusions/session), and the experiment was repeated, testing doses of 12.5 mg/kg metyrapone and 5 mg/kg oxazepam, alone and in combination (Fig. 2b) . This time, only the metyrapone:oxazepam combination significantly reduced nicotine intake (F(3,4)07.4; P<0.01) (Newman-Keuls; P<0.05). The effects of these drugs alone and in combination on inactive lever responding were also determined, and no significant effects on responding were found ( Table 1) .
Effects of varenicline on IV nicotine self-administration
The effects of 1.0 mg/kg varenicline pretreatment on nicotine self-administration are depicted in Fig. 1 . Varenicline treatment was found to reduce nicotine infusions from 15.4±1.0 to 7.7±1.2. An ANOVA of these data revealed that this reduction in the number of nicotine infusions during the 1-h self-administration session was statistically significant [F(1,7)047.042, p<0.0003). A comparison of the varenicline results with those seen with metyrapone: oxazepam showed that the 25:5 metyrapone:oxazepam dose combination was comparable to varenicline at reducing nicotine self-administration.
Effects of the combination of metyrapone and oxazepam on IV nicotine self-administration: PR schedule The 25:5 mg/kg metyrapone:oxazepam combination was also tested under the PR schedule. As shown in Fig. 3a , pretreatment with this combination of metyrapone and oxazepam reduced the number of nicotine infusions from 6.1±0.5 to 2.8±0.6. The breakpoint was also reduced from 12.6±1.6 with vehicle to 3.9±0.9 with metyrapone:oxazepam (Fig. 3b ). An ANOVA of the PR data revealed that pretreatment with 25:5 mg/kg metyrapone:oxazepam resulted in a significant decrease in the total number of nicotine infusions [F(1,7) 015.997, p < 0.0055) and the breakpoint [F(1,7)019.533, p<0.0035]. Varenicline was not tested under the PR schedule.
Discussion
The results of this investigation demonstrate that combinations of low doses of metyrapone and oxazepam decrease IV Although we only investigated a single dose of nicotine (0.03 mg/kg/infusion), we have previously shown that this drug combination is effective across several doses of cocaine (Goeders and Guerin 2008 ). Significant reductions in nicotine self-administration were even seen with the lowest dose combination tested, suggesting that nicotine selfadministration may be even more sensitive to the effects of the combination than cocaine self-administration (Goeders and Guerin 2008) . Although the testing of metyrapone and oxazepam as single agents was only conducted in the second fixed-ratio experiment, all doses of metyrapone and oxazepam chosen for testing as a combination in this study have no effect on cocaine self-administration when delivered as single agents. Furthermore, these same combinations have no effect on food self-administration during the same session (Goeders and Guerin 2008) , suggesting that these effects were not the result of nonspecific effects on the ability of the rats to respond. The 25:5 mg/kg combination of metyrapone and oxazepam also reduced nicotine selfadministration maintained under a PR schedule of reinforcement, suggesting that the combination of metyrapone and oxazepam reduces the motivation to seek and take nicotine. Finally, the effects of the combination of metyrapone and oxazepam were comparable to those of the α4β2 nicotinic acetylcholine receptor partial agonist varenicline in this specific model of intravenous nicotine self-administration (George et al. 2011; Keating and Lyseng-Williamson 2010; O'Connor et al. 2010 ). Since varenicline is effective in reducing cigarette smoking in humans (Keating and Lyseng-Williamson 2010) and appears to be more beneficial than either bupropion (Cahill et al. 2009; Gonzales et al. 2006; Jorenby et al. 2006) or nicotine replacement therapy (Aubin et al. 2008; Cahill et al. 2009 ), these data suggest that the combination of metyrapone and oxazepam may also be effective in reducing smoking (O'Dell and Khroyan 2009) .
The mechanisms mediating the effects of the combination of metyrapone and oxazepam on nicotine selfadministration are unclear at this time. Metyrapone blocks the 11β-hydroxylation reaction in the synthesis of corticosterone to decrease plasma concentrations of the hormone (Haleem et al. 1988; Haynes 1990) . Benzodiazepines can also reduce the elevated cortisol secretion often seen in some psychiatric disorders (Keim and Sigg 1977; MeadorWoodruff and Greden 1988; Torpy et al. 1993 ) and inhibit the cortisol response to adrenocorticotropic hormone (Grottoli et al. 2002) . Surprisingly, however, the combination of these low doses of metyrapone and oxazepam do not alter plasma corticosterone in rats (Goeders and Guerin 2008) , suggesting that the behavioral effects of this combination are mediated by mechanisms not necessarily reflected through this hormone. One hypothesis is that these results may be mediated through effects on brain corticotropinreleasing factor (CRF). Corticosterone synthesis inhibitors (i.e., ketoconazole and metyrapone) and benzodiazepines have all been shown to alter (increase) CRF in various brain regions (Smagin and Goeders 2004; Van Vugt et al. 1997; Wilson et al. 1996) . There is a general consensus that a relationship between cigarette smoking and stress exists. Smoking increases under stressful conditions (Pomerleau and Pomerleau 1991) and is maintained, in part, due to the stress and negative affect that arise during the withdrawal that occurs between cigarettes (Heishman 1999; Kassel et al. 2003) . In humans, cigarette smoking increases plasma concentrations of cortisol and adrenocorticotropin hormone (Mendelson et al. 2008; Mendelson et al. 2005) , and the increases in these hormones correlate positively with reductions in craving. In chronic smokers, smoking produces a somewhat attenuated HPA axis response to psychological stressors although cortisol is still increased in response to an injection of CRF (Rohleder and Kirschbaum 2006) . These data suggest a complex relationship between cigarette smoking and HPA axis activity in humans. In rats, nicotine withdrawal augments the reactivity to light-enhanced startle responding (Jonkman et al. 2008) , suggesting that nicotine withdrawal enhances the aversive effects of stress. Chronic nicotine self-administration results in tolerance to the effects of nicotine on plasma corticosterone and adrenocorticotropin hormone in rats (Chen et al. 2008) , as does chronic smoking in humans (Rohleder and Kirschbaum 2006) , but the HPA responses to mild electric footshock are enhanced in rats (Chen et al. 2008) . Chronic exposure to nicotine also results in conditioned increases in plasma corticosterone in response to cues paired with nicotine delivery in rats (Caggiula et al. 1998) . Thus, the HPA axis may become hyporesponsive to nicotine during chronic smoking (i.e., nicotine selfadministration), but HPA axis activity becomes exaggerated during withdrawal, and exposure to smoking-(nicotine-)related cues can also enhance HPA axis activity. These responses can be alleviated by another cigarette (or dose of nicotine), further highlighting the complex relationship between cigarette smoking and adrenocorticosteroids. Accumulating evidence suggests that these HPA axis responses to smoking may be related to CRF either directly or indirectly. In rats, extrahypothalamic CRF appears to be associated with the anxiety-like and anhedonia-like responses to nicotine withdrawal as well as the increase in nicotine self-administration observed following periods of abstinence (George et al. 2007; Marcinkiewcz et al. 2009) . Further research will be necessary to demonstrate whether or not the combination of metyrapone and oxazepam reduces nicotine self-administration through a CRF-related mechanism.
In summary, the administration of a combination of metyrapone and oxazepam decreases IV nicotine self-administration in rats responding under both fixed-ratio and PR schedules of reinforcement. The lowest dose of the combination tested more reliably and effectively reduced drug intake, relative to metyrapone or oxazepam alone, suggesting that the combination of metyrapone and oxazepam may be useful for smoking cessation in humans. Although the exact mechanisms mediating this effect remain to be determined, the HPA axis and extrahypothalamic CRF are possible candidates. 
